Eukaryotic translation can be initiated either by a capdependent mechanism or by internal ribosome entry, a process by which ribosomes are directly recruited to structured regions of mRNA upstream of the initiation codon. Here we report the finding of an internal ribosome entry site (IRES) in the untranslated region of the Epstein-Barr nuclear antigen 1 (EBNA1) gene. EBNA1 is the only nuclear protein expressed in all known states of Epstein-Barr virus (EBV) latency and in the virus lytic cycle, and is required for the maintenance of the EBV episome. Using cDNA reporter constructs and in vitro transfection assays, we found that sequences contained in the 5 0 untranslated region (UTR) of the Fp and Qp initiated EBNA1 mRNA increased the expression level 4-14-fold in different Burkitt lymphoma cell lines. The U leader exon, located within the 5 0 UTR, included in all known EBNA1 transcripts and also contained in the EBNA3, 4 and 6 mRNAs, was demonstrated by bicistronic expression analyses to contain an IRES. The EBNA IRES initiates translation more efficiently than the encephalomyocarditis virus IRES in EBV-positive lymphoma cells. We propose that the EBNA IRES constitute a novel mechanism, whereby EBV regulates latent gene expression.
Introduction
Epstein-Barr virus (EBV), a human gammaherpesvirus with B-cell growth-transforming ability, possesses a defined set of latent genes whose expression leads to a virus-driven proliferation of infected B lymphocytes. EBV can establish three types of latency, I, II and III (Kerr et al., 1992; Rowe, 1999) associated with malignancy, characterized by the differential expression of the latency proteins. One of these proteins, EBV nuclear antigen 1 (EBNA1) is expressed during all three types of latent infection and is the only protein absolutely required to maintain latency (Marechal et al., 1999; Kieff and Rickinson 2001) . The EBNA1 antigen binds to the origin of replication (oriP) within the viral genome and allows replication of the EBV DNA episome (Yates et al., 1985) . The expression of EBNA1 is controlled at multiple levels. The transcriptional regulation of EBNA1 involves initiation from three alternative promoters, Wp (Sample et al., 1986; Ricksten et al., 1988) , Cp (Woisetschlaeger et al., 1990) and Qp (Schaefer et al., 1995b; Tsai et al., 1995) , which are used differentially during different phases of infection and establishment of the stages of latency. During the viral lytic cycle, EBNA1 mRNA is transcribed from a fourth promoter called the Fp promoter (Schaefer et al., 1995a; Nonkwelo et al., 1996) . The spliced EBNA1 messages are similar in overall structure regardless of whether the transcript is initiated from the Cp, Wp, Qp or Fp. The open reading frame for EBNA1 is located in the BamHI K exon at the 3 0 end of the message and is preceded by a long, potentially highly structured 5 0 untranslated region (5 0 UTR) derived from several short exons. The EBNA1 transcripts differ in the length of their 5 0 UTRs, but the U leader exon is common to all four transcripts and spliced directly to the K exon. The U leader exon is also included in 5 0 UTR of the EBNA3, 4 and 6 mRNA transcripts (Sawada et al., 1989) . Since these transcripts are initiated from the Wp/Cp promoters, they have an exceptionally long 5 0 UTR, which is rich in G and C nucleotides. According to the classical cap-dependent scanning model, long leader sequences are expected to impair translation initiation by preventing the ribosome scanning from the capped mRNA 5 0 end (Vagner et al., 2001) . Ribosomes can, however, access an eukaryotic mRNA by binding to an internal ribosome entry site (IRES). IRESs are cis-acting elements that recruit the translational machinery to an internal initiation codon in the mRNA, thus allowing translation to be capindependent. IRESs were first identified in encephalomyocarditis virus (EMCV) (Jang et al., 1988) and poliovirus (Pelletier and Sonenberg, 1988) and have since been characterized in other viruses, such as hepatitis virus C (Tsukiyama- Kohara et al., 1992; Reynolds et al., 1995) and Kaposi's sarcoma-associated herpesvirus (Low et al., 2001) . Functional IRES elements have also been identified in cellular mRNAs encoding proteins such as oncogenes (Nanbru et al., 1997; Stoneley et al., 1998 Stoneley et al., , 2000 translational initiation factors, transcription factors, growth factors and survival proteins, which are functional under acute cellular stress where the cap-dependent activity is compromised (van der Velden and Thomas, 1999) . Here, we demonstrate the presence of a functional IRES in the EBNA1 mRNA. Deletion analysis showed that most of the IRES activity was localized to sequences in the U leader exon, in which both negative and positive regulatory elements were detected.
Results

5
0 UTR of the EBNA1 gene increases the luciferase (LUC) expression driven by Fp and Qp promoters
Transcription initiation at the Fp and Qp gives rise to EBNA1 mRNAs with 5 0 UTRs of approximately 407 (FpQU) and 217 (QpU) nucleotides (nt), which splice into the EBNA1-encoding K exon. To characterize the function of the 5 0 UTR of EBNA1 regarding gene regulation, chimeric plasmids with the Fp and Qp promoters containing various lengths of the 5 0 UTR of EBNA1 inserted upstream of the LUC gene in the pGL3-basic vector were constructed ( Figure 1a ). The effect of the 5 0 UTR of EBNA1 on Fp-and Qp-driven LUC expression was determined by introducing the various constructs into three different Burkitt lymphoma cell lines: the EBV-negative BL line DG75 and the EBV-positive BL lines, Rael and P3HR-1. The LUC activity was measured 48 h post-transfection and expressed relative to that of the pGL3-basic vector in each case. The results, summarized data obtained from three independent experiments with double samples in each cell line, show that the presence of the U leader exon increase the luciferase (LUC) expression in all three cell lines ( Figure 1b) . In Rael cells, known to express Qpinitiated EBNA1, the effect of the U exon in the plasmid p(QU)LUC was a four fold increase of the LUC activity compared to the p(Q)LUC plasmid. The presence of the U leader exon in the Fp-and Qp-containing construct p(FQU) increased the LUC activity compared to p(FQ) in all transfected cells, with the most pronounced effect in P3HR1 cells where the increase was 14-fold. These results demonstrate that the 5 0 UTRs of EBNA1 amplify the expression of a reporter gene driven by the Fp and Qp promoters. Furthermore, in the presence of high EBNA1 protein expression, which is the case in Rael cells, the 5 0 UTR sequences mediate high LUC activity from the downregulated Qp promoter (Figure 1b) . Thus, our data indicate that the 5 0 UTR of EBNA1 is involved in the regulation of the EBNA1 gene expression by transcriptional or translational mechanisms, or both.
0 UTR of EBNA1 increases the expression of the second gene in a bicistronic reporter system The data presented above indicate that sequences in the upstream UTR of the EBNA1 gene are involved in the regulation of the EBNA1 expression. The 5 0 UTR downstream of the Qp promoter is relatively long and GC-rich with two potential AUG codons upstream of the initiation start codon in the K exon. The potentially complex secondary mRNA structure implies that it might be inefficiently translated by the classical ribosome scanning mechanism. However, in several mRNAs the structure of a long leader sequences has been shown to constitute an IRES, allowing translation initiation to be cap-independent (van der Velden and Thomas, 1999). The 5 0 UTR of EBNA1 does, in similarity with mRNA with known IRES segments, contain several GNRA or RAAA motifs (N-nucleotide, R-purine), sequences shown to be essential for IRES activity (Lopez de Quinto and Martinez-Salas, 1997; Nateri et al., 2000) . To test the hypothesis that EBNA1 mRNA downstream of the Qp promoter contains an IRES that will allow cap-independent translation, we constructed a bicistronic vector expressing the chloramphenicol acetyltransferase (CAT) gene and the firefly LUC gene under the control of the cytomegalovirus (CMV) promoter, pCAT-LUC (Figure 2a) . Translation of the second cistron (LUC) in this construct would ordinarily be accessed inefficiently by ribosomes, which have completed translation of the first cistron (CAT). However, if an IRES element is inserted between the first and the second cistrons, the translation of the second cistron is significantly increased. The first cistron acts as an internal control to account for differences in transfection efficiency. The 5 0 UTR of EBNA1, downstream of the Qp, was cloned between the two reporter genes in pCAT-LUC to generate the plasmid pCAT(5 0 UTR of EBNA1)LUC (Figure 2a ). In addition, as a positive control for IRES activity, the well-characterized IRES from the EMCV was cloned between the two reporter genes generating the plasmid pCAT(EMCV)LUC ( Figure 2a ). As a negative control, pCAT-LUC, which harbours no sequences between the two reporter genes, except for a few nucleotides from the multiple cloning site, was used. The various constructs ( Figure 2a) were transfected into DG75, Rael and P3HR-1 cells, and 48 h post-transfection the CAT and LUC activities were determined and are summarized in Figure 2b . The LUC/ CAT ratio was calculated for each vector and expressed relative to the LUC/CAT ratio of the pCAT-LUC control vector, which was determined to be 1. Comparison of the downstream cistron activities revealed that both the 5 0 UTR of EBNA1 and the EMCV IRES stimulated the LUC expression in all three cell lines but with different efficiencies. In fact, in transfected Rael cells, the 5 0 UTR of EBNA1 increased the LUC activity 18-fold, whereas the positive control EMCV IRES only stimulated the activity fivefold. A higher LUC activity was also obtained with the 5 0 UTR of EBNA1 compared to EMCV IRES in P3HR-1 cells. In contrast, the 5 0 UTR of EBNA1 stimulated the LUC activity to a lower degree than EMCV IRES in the EBV-negative DG75 cells (Figure 2b ). The apparent increase in expression of the second cistron in the bicistronic message containing the 5 0 UTR of EBNA1 indicates that an IRES is present in the 5 0 UTR of the EBNA1 gene. Furthermore, the 5 0 UTR of EBNA1 allows a higher LUC expression level compared with EMCV IRES in the two EBV-positive cell lines. 
Mapping the EBV IRES
To identify the 5 0 boundary of the putative EBV IRES, a series of fragments containing decreasing lengths of the 5 0 UTR of EBNA1 were inserted between the two reporter genes in the pCAT-LUC plasmid. The ability of these truncated sequences to promote internal ribosome entry on the bicistronic message was analysed in transiently transfected cell lines. Initially, the entire 5 0 UTR downstream of the Qp promoter was inserted into pCAT-LUC, resulting in plasmid pCAT(5 0 UTR of EBNA1)LUC, here designated pCAT(l-217)LUC, (Figure 3a ). This region contains two potential AUG codons and 11 GNRA or RAAA motifs (N-nucleotide, R-purine). Removal of 37 nt from the 5 0 end decreased the activity of the second cistron in the three cell lines: DG75, Rael and P3HR-1. These 37 nt contain a GAAA motif, which might be of importance for the ribosome to enter the mRNA. Surprisingly, a larger deletion of 74 nt from the 5 0 end resulted in an enhanced activity of the second cistron in all cell lines. This implies that sequences between 38 and 73 have a downregulating Removal of 133 nt from the 5 0 end, including two overlapping IRES consensus sequences, GGGA and GAGA, resulted in a small positive impact of the LUC activity compared to the full-length fragment (1-217) in DG75 and P3HR-1 cells, but not in Rael cells (Figure 3a) . When comparing the CAT expression of the various constructs, we detected a small but reproducible decrease in CAT activity with the pCAT(74-217)LUC plasmid (data not shown). In this construct, the 5 0 UTR of EBNA1 was most active and gave the highest LUC activity. The decrease in CAT activity could possibly be a result of competition for the same set of factors used in both cap-dependent (CAT expression) and cap-independent (LUC expression) translation. In conclusion, we mapped a potential IRES element in the U region between nt 74 and 217.
Comparison of LUC mRNA expression from different bicistronic constructs
The relative amounts of the LUC mRNA derived from the different bicistronic constructs were determined by RNase protection analysis (Figure 4 ). Total RNA was isolated from transfected DG75 cells and the experiment was performed with an antisense RNA probe corresponding to position 88-257 in the LUC gene. In transfected cells containing the bicistronic messenger, a 169-nt long LUC fragment is protected. From the positive CMV control, a LUC fragment of the expected size 204 nt is protected. The results show that an equal amount of LUC mRNA was produced from the different bicistronic constructs, including the basic pCAT-LUC plasmid, reflecting the CMV promoter activity derived from these vectors (Figure 4) . Clearly, the increase in LUC protein activity seen in the 5 0 UTR of EBNA1À, as well as, in the EMCV-containing bicistronic plasmid did not result from an increased mRNA expression, demonstrating a translational regulation of the second cistron. Thus, we conclude that the 5 0 UTR of EBNA1 contains an IRES.
Characterization of the bicistronic transcripts
The integrity of the bicistronic mRNA was verified by Northern blot analysis with RNA probes corresponding to regions in either the CAT or the LUC genes. The results ( Figure 5 ) showed that mRNAs encoded by the different transfected constructs migrated at the expected size. Transfection with the pCAT(EMCV)LUC, pCAT(74-217)LUC and pCAT-LUC resulted in bicistronic messengers of 2946, 2472 and 2336 nt in size, respectively ( Figure 5 ). We also detected transcripts of shorter lengths (*), which probably represent aberrant transcripts, possibly because of degradation. These transcripts were seen in both the positive and negative controls as well as in the lane with mRNA from the pCAT(74-217)LUC construct. To create a positive control, sequences corresponding to the EMCV IRES were inserted between the two cistrons, pCAT(EMCV)LUC. A negative control lacking sequences between the two cistrons was also generated, pCAT-LUC. (b) DG75, Rael and P3HR-1 cells were transiently transfected (in duplicate) with the three constructs. Cells were harvested 48 h after transfection, CAT and LUC activities present in cell extracts were measured. The LUC/CAT ratio was calculated for each vector and expressed relative to the LUC/CAT ratio of the pCAT-LUC control vector, which was determined to be 1. The results represent an average of at least three independent experiments and results are expressed as means+s.e.m. The LUC activity obtained from 5 Â 10 6 cells transfected with the pSV40LUC were 26 Â 10 4 RLU for DG75, 1.1 Â 10 4 RLU for Rael and 5.8 Â 10 4 RLU for P3HR-l Epstein-Barr virus U leader exon Å. Isaksson et al
Inhibition of the cap-dependent translation does not affect the activity of the EBNA IRES
To confirm that the LUC activity is because of the IRES and not because of cap-dependent translation, a hairpin structure was cloned immediately in front of the start codon of the CAT gene in the plasmids pCAT(74-217)LUC and pCAT(EMCV)LUC, resulting in pHCAT(74-217)LUC and pHCAT(EMCV)LUC. The hairpin will not disrupt the translation of the second cistron if an IRES element is placed just upstream to its translation start site. The constructs were transfected into DG75 cells and 48 h post-transfection the CAT and LUC activities were determined and summarized in Figure 6 . The activities are calculated and presented as described above. The CAT activity was reduced by 70%, on average, in the presence of the hairpin structure, whereas the LUC activity was unaffected or slightly increased in the both constructs, see Figure 6 . Consequently, a higher LUC/CAT ratio was obtained in the presence of the hairpin structure. These results strongly support the conclusion that the U leader exon contains an IRES element capable of initiating cap-independent translation.
The EBNA IRES sequence is highly conserved between different EBV strains Sequence analysis of cDNA corresponding to the U exon from the EBV strains B95-8, Rael and P3HR-1 showed that the U exon is highly conserved. Notably, the sequences were identical in Rael (EBV A-strain) and P3HR-1 (EBV B-strain). When comparing the Rael and P3HR-1 sequences with the sequence deduced from the B95-8 strain, one base substitution (C/T) in position 67585 in the EBV genome was found.
Secondary structure model for the EBNA IRES
A model for the secondary structure of the 5 0 UTR of EBNA1 was performed by the Mfold program, predicting a Y-shaped complex and energetic stable (À71.8 kcal/mol) RNA model. The predicted secondary structure for the 5 0 UTR of EBNA1 is illustrated in Figure 7 . Within this structure we located five domains, A-E. When interrupting the A domain, which corresponds to deletion of the first 37 nt from the 5 0 end (Figure 3b) , expression of the second cistron decreased slightly. The B and C domains seem to affect negatively the translation of the second cistron, since removal of the first 74 nt gave an increased activity. Deletion of 133 nt, which corresponds to interruption of domain D and part of domain E, decreased the activity to an equal level seen with the full-length fragment. When predicting the secondary structure for the deleted construct that 
Discussion
In this report, we show that the U leader exon in the 5 0 UTR region of the EBNA1 mRNA contains a functional IRES element, indicating that translation of EBNA1 can occur by an alternative mechanism independent of the 5 0 cap mRNA structure. The IRES is a recognition site for translation regulatory factors and allows translational activity in situations where the cap-dependent translation is impeded; thus, internal ribosome entry constitutes a novel mechanism for gene expression regulation. The mRNA of poliovirus and the EMCV were the first to be described to contain IRES elements (Jang et al., 1988; Pelletier and Sonenberg, 1988) . Today the existence of viral and cellular IRES elements is well presented, among them is the IRES within the DNA virus Kaposi's sarcoma-associated herpesvirus (Bieleski and Talbot, 2001; Grundhoff and Ganem, 2001; Low et al., 2001) , hepatitis virus C (Tsukiyama-Kohara et al., 1992; Reynolds et al., 1995) the c-myc IRES (Stoneley et al., 1998; Le Quesne et al., 2001 ) and the IRES within the vascular endothelial growth factor (VEGF) (Akiri et al., 1998) . Many viral and a number of cellular mRNAs usually possess a long and GC-rich 5 0 UTR with a potential to form complex secondary structures that make them difficult to be translated in a cap-dependent ribosome scanning mechanism. Furthermore, a few cellular mRNAs are translated preferentially when cap-dependent initiation of translation is impaired (Vagner et al., 2001) . The effect of the 5 0 UTR of EBNA1 on gene regulation was first seen in Fp/Qp-driven reporter plasmids, where the U exon was inserted directly upstream of the coding region of the luciferase gene (Figure 1 ). Transient transfection of Burkitt lymphoma (BL) cell lines with the constructs showed an increased expression of the LUC gene in plasmids containing the U exon compared with control plasmids lacking these sequences (Figure 1 ). This observation was done in both EBV-negative and EBV-positive cells. In Rael cells, which display a latency I expression pattern where the Qp promoter is used for EBNA1 transcription, a four fold increase of LUC expression initiated from the Qp was seen in the presence of the U exon compared with the control plasmid. The Qp promoter is a TATA-less promoter that resembles those of housekeeping genes promoters (Schaefer et al., 1995b) and thus ensures EBNA1 expression in all types of infection. In P3HR-1 cells, a surprisingly low activity from the p(FQ)LUC construct was detected, compared to the activity seen in the DG75 and Rael cells. By adding the U exon into the pFQ(LUC) reporter plasmid, the expression level increased 14-fold. The mRNA structure of the reporter gene becomes longer, more complex and presumably more difficult to translate in the presence of the 5 0 UTR Figure 6 Inhibition of cap-dependent translation does not affect the IRES activity. DG75 was transiently transfected (in duplicate) with the hairpin constructs, pHCAT(74-217)LUC and pH(CA-T(EMCV)LUC, together with their corresponding constructs without the hairpin. Cells were harvested 48 h after transfection, CAT and LUC activities present in cell extracts were measured. The LUC/CAT ratio was calculated for each vector and expressed relative to the LUC/CAT ratio of the pCAT-LUC control vector, which was determined to be 1. The results represent an average of three independent experiments and results are expressed as means+s.e.m. . This would actually decrease the expression of the reporter gene. However, we show that the presence of the U exon mediates an overall higher expression from both Fp-and Qp-driven reporter constructs. These results demonstrate that the EBNA1 5 0 UTR has a regulatory role in gene expression through transcriptional or post-transcriptional control mechanisms. The similarity of structural motifs in the EBNA1 5 0 UTR compared to mRNAs with known IRESs (Lopez de Quinto and Martinez-Salas, 1997; Nateri et al., 2000) lead us to investigate whether the 5 0 UTR of EBNA1 contains an IRES. To test this hypothesis, a bicistronic reporter system, a well-known strategy for characterization of IRES elements, was used. We inserted the EBNA1 5 0 UTR downstream of the Qp promoter into the bicistronic vector pCAT-LUC between the CAT and the LUC gene ( Figure 2a) . As a positive control, the well-defined EMCV IRES was used. It has previously been shown that the EMCV IRES is active in a wide variety of cell types (Creancier et al., 2001) and is commonly used as a positive control in bicistronic experiments (Stoneley et al., 2000; Hinton and Crabb, 2001 ). The plasmids were transfected into DG75, Rael and P3HR-1 cells. The 5 0 UTR of EBNA1 stimulated expression of the second cistron 7-20-fold in all cell lines (Figure 2b ) when compared to the control plasmid. Interestingly, the EBNA1 5 0 UTR was up to four fold more active than the EMCV IRES in the EBVpositive cells, but not in the EBV-negative DG75 cells, with the most pronounced effect seen in the Rael cells, thus indicating a cell-type-specific variation in activity. To further define the sequences responsible for this activity, a series of 5 0 deletions of the EBNA1 (Qp) UTR revealed that both positive and negative regulatory elements are contained in this region (Figure 3a, b) . The highest activity was obtained with the construct pCAT(74-217)LUC, corresponding to the 136 nt located in the most 3 0 end of the U exon together with 8 nt immediately upstream of the EBNA1 initiation codon in the K exon. The cell-type-specific activity seen with the full-length construct was even more pronounced with the pCAT(74-217)LUC, with this construct a 55-fold increase of the LUC expression was obtained in the Rael cells. Clearly, the activity is not dependent on sequences in the Q exon (Figure 3b ). With RNase protection analysis, the expected fragment of 169 nt was detected in an equal amount in mRNA isolated from DG75 cells transfected with the different bicistronic constructs including the control pCAT-LUC plasmid, which does not express the LUC protein (Figure 4 ). This study implies that the regulatory activity of 5 0 UTR of EBNA1 is performed at post-transcriptional level. Thus, we conclude that the U leader exon in the UTR of the EBNA1 mRNA contains an IRES. This hypothesis was further established by Northern blot analysis, which demonstrated that the bicistronic mRNAs migrated at the expected sizes ( Figure 5 ). In addition, inhibition of the cap-dependent translation in the hairpin-containing constructs, pHCAT(74-217)LUC and pHCAT (EMCV)LUC, did not affect the LUC activity ( Figure 6 ). The sequences needed for high EBNA IRES activity correspond to sequences in the C, D and E domains of the predicted secondary structure model (Figure 7) , whereas for maintenance of a basal activity only domain E is required. The importance of the IRES is demonstrated by the well-conserved sequences between different EBV strains. The U exon sequence analysis showed identical sequences in the Rael and P3HR-1 strains. One base substitution in the EBV strain B95-8 was detected compared to the Rael and P3HR-1 sequence.
Our preceding data show that the EBNA1 5 0 UTR contains a translational element capable of directing internal ribosome entry, and we propose that EBNA1 protein synthesis may therefore be initiated by such a mechanism. This suggests that the EBNA1 protein can be translated under situations where initiation from the 5 0 cap structure and ribosome scanning is reduced. The mechanism whereby the EBNA IRES recruits the translational machinery to the mRNA is not known. The cell-type-specific activity suggests favourable interactions between the EBNA1 mRNA and initiation factors present in the EBV-positive cell lines, which might not be present to the same extent in the EBVnegative cells. There are a number of situations where modulation in the levels of EBNA1 protein through internal ribosome entry may be required including viral Figure 7 Secondary structure model of the 5 0 UTR of the EBNA1 mRNA. Fold analysis was performed using M Zucker's Mfold package (Zuker, 1989) and predicted a Y-shaped model with an energy of À71.8 kcal/mol. Five domains, named A-E, were identified in the structure. The domains D and E were shown to be conserved in the deleted construct pCAT(74-217)LUC (data not shown) Epstein-Barr virus U leader exon Å. Isaksson et al lytic infection, onset of proliferation and during mitosis where cap-dependent translation is reduced. The expression of EBNA1 mRNA is regulated by the cell cycle during type I latency, whereas the EBNA1 protein level remains constant (Davenport and Pagano, 1999) . One explanation for this observation is that the EBNA1 protein is stable with a long half-life. Maintenance of a constant level of the EBNA1 protein could also be a result from IRES-mediated translation. Furthermore, Fp-initiated lytic transcript containing the U exon that is not spliced to the K exon is highly expressed upon induction of the virus lytic cycle (Schaefer et al., 1995a; Zetterberg et al., 1999) . Although the intron/exon composition at its 3 0 end is undefined, this transcript indicates a role for the EBNA IRES during productive viral infection.
Our findings of a functional IRES element in the 5 0 UTR of the EBNA1 gene implicate a novel mechanism whereby EBV regulates latent gene expression. This EBNA IRES element is also contained within the EBNA3, 4 and 6 mRNAs, demonstrating that part of the EBV immortalization process might be regulated by cap-independent translation.
Materials and methods
Cell lines
DG75 is an EBV-negative BL cell line (Ben-Bassat et al., 1977) . The EBV-positive Rael cell line is derived from an endemic BL and displays a BL type I phenotype in which EBNA1 is the only detectable viral protein (Klein et al., 1972) . P3HR-1 is an EBV-positive BL line of type II phenotype and is permissive for viral lytic infection (Klein et al., 1978) . B95-8 is an EBVpositive marmoset-derived cell line, which displays a latency III pattern (Miller and Lipman, 1973) . The lymphoid cells were maintained in RPMI 1640 (Life Technologies) supplemented with 10% fetal calf serum (Life Technologies) penicillin and streptomycin. The cell lines were kept in 371C in a humidified atmosphere containing 5% CO 2 .
RT-PCR
Total RNA was prepared from Rael, P3HR-1 and B95-8 cells using RNeasyt Total RNA kit (QIAGEN). Reverse transcription, primed with random hexamers and transcribed with Superscriptt II RT (Invitrogen), was performed with 1 mg RNA in a 20 ml reaction volume. Subsequently, 5.0 ml of the generated cDNA was amplified in a 50 ml PCR reaction.
Sequencing
Sequencing was performed on PCR products using ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) and specific primers for the PCR products. The products were precipitated with 95% ethanol and 3 m NaAc and resuspended in Template Suppression Reagent (Applied Biosystem) and further analysed on ABI PRISM 3100 Genetic analyzer.
Plasmids
All manipulations involved in vector constructions were carried out by standard procedure (Sambrook and Russell, 2001 ) and verified by sequencing. Plasmids for generation of the monocistronic luciferase expression vectors driven by the EBNA1 promoters Fp and Qp ( Figure 1 ) were constructed by cloning PCR-amplified fragments of the pFQUK and the pFQK plasmids previously described (Zetterberg et al., 1999) . All PCR-amplified fragments contain 8 nt in the 3 0 end derived from the K exon. A 508-bp fragment, encompassing the Fp and Qp promoters, was amplified with the sense primer F-XhoI and the antisense primer K/U-HindIII (Table 1 ). The fragment was inserted into the pGL3-basic vector (Promega) proximal to the firefly LUC gene, using the XhoI and HindIII restriction sites, to create p(FQU)LUC. A 336-bp fragment, with the Fp and Qp promoters but without the U exon, was amplified with the sense primer F-XhoI and the antisense primer K/Q-HindIII (Table 1 ). The resulting fragment was inserted into the pGL3-basic vector, as described above, to create p(FQ)LUC. p(QU)LUC was generated by amplification of a 380-bp fragment, encompassing the Qp promoter followed by the U exon, with the sense primer Q-XhoI and the antisense primer K/U-HindIII (Table 1 ). The fragment was inserted into the pGL3-basic vector as described above. A 208-bp fragment, with the Qp promoter but without the U exon, was amplified with the primers Q-XhoI and K/Q-HindIII (Table 1) and inserted into the pGL3-basic vector as described above to generate p(Q)LUC. All bicistronic constructs have the expression vector pIRES (Clontech) as framework. This vector contains the IRES element from the EMCV. From this vector we constructed a bicistronic vector with the CAT gene as the first cistron and the LUC gene as the second cistron. Sequences corresponding to the LUC gene were excised with the restriction enzymes NcoI and XbaI from the pGL3 Enhancer vector (Promega). The fragment was treated with Klenow enzyme to create blunt ends to which NotI linkers were ligated. The fragment was inserted into the pIRES vector using the NotI site. Sequences corresponding to the CAT gene were amplified by PCR, using the sense primer CAT/NheI 5 0 -CGCGCGCTAGCCTAAAATGGAGAAAAAAATCA-3 0 and the antisense primer CAT/XhoI 5 0 -TCTAACTCGAGAT- TACGCCCCGCCCTGCCACT-3 0 . To create pCAT(EMCV)-LUC, the resulting fragment was inserted into the pIRES vector, containing the LUC gene, using the NheI and XhoI sites. EBV fragments, used to generate the EBV encompassing bicistronic constructs, were PCR-amplified from the same plasmids that were used to amplify the fragments used to create the monocistronic constructs (see above). A series of 5 0 deleted EBV fragments were PCR-amplified and inserted between the two cistrons. The longest fragment, 217 bp, identical to the fragment in the pCAT(5 0 UTR of EBNA1)-LUC, encompassing the sequences downstream of the Qp promoter in the Q exon followed by the U exon, was amplified with sense primer Q-MluI and antisense primer K/U-SalI (Table 1) . Sequences corresponding to the IRES element in the pCAT(EMCV)LUC were excised with MluI and SalI and replaced with the amplified fragment to generate pCAT(1-217)LUC. A 172-bp fragment, consisting of the U exon, was amplified with the sense primer Ufl-MluI and the antisense primer K/U-SalI (Table 1) . Sequences corresponding to the IRES element in the pCAT(EMCV)LUC were excised as described above and replaced with the amplified fragment to generate pCAT(38-217)LUC. A 136-bp fragment of the U exon was amplified with the sense primer U-MluI and the antisense primer K/U-SalI. Sequences corresponding to the IRES element in the pCAT(EMCV)LUC were excised as above and replaced with the amplified fragment to generate pCAT(74-217)LUC. The shortest fragment, 77 bp of the U exon, was amplified with the sense primer Uli-MluI and the antisense primer K/U-SalI (Table 1) . Sequences corresponding to the IRES element in the pCAT(EMCV)LUC were excised as above and replaced with the amplified fragment to generate pCAT(133-217)LUC. To create pCAT-LUC, sequences corresponding to the IRES element in the pCAT(EMCV)LUC were excised with MluI and SalI. The protruding ends were treated with Klenow enzyme and religated. Plasmid pHCAT(74-217)LUC is identical to pCAT(74-217)LUC except for the 60-nt sequence 5 0 -GCTAGCGGTACGG-CAGTGCCGTACGACGAATTCGTCGTACGGCACTGC CGTACCGCTAGC-3 0 (kindly provided by Dr SJ Talbot), capable of forming a stable 28-bp hairpin structure (DG ¼ À62 kcal/mol) cloned at the NheI site immediately upstream from the CAT start codon. Similarly, the stem-loop was inserted into pCAT(EMCV)LUC generating pHCA-T(EMCV)LUC. Cloning of the stem-loop constructs was confirmed by cleavage at the unique EcoRI site in the stemloop sequence.
DNA transfection and reporter gene assays
Cells were diluted to 0.5 Â 10 6 cells/ml medium the day before transfection. Transient transfections with monocistronic constructs were performed with 5 Â l0 6 cells in 250 ml medium at 260 V and 950 mF using electroporation with a BioRad Genepulser (BioRad, Hercules, USA). A total of 10 mg of the reporter plasmids was used. Transfections with bicistronic constructs were performed by the DEAE-dextran technique together with electroporation with the same settings as above.
A total of 10 mg of the pSV40LUC plasmid was added to estimate the transfection efficiency in each cell lines. Cells were harvested 48 h post-transfection and aliquots of cell lysates were assayed for LUC and CAT activities. The method for measuring CAT activity has been described previously (Ricksten et al., 1988) . The LUC activity was determined with the Luciferase Assay System (Promega) using a TD 20/20 luminometer (Turner Designs Instruments, USA).
RNase protection assay
Total RNA was extracted from transfected DG75 cells with TRI REAGENTt LS reagents as described by the manufacturer of the reagents (Sigma), treated with DNAse (Promega) and stored at À701C. A 32 P-labelled LUC antisense RNA probe, 448 nt long, was synthesized by in vitro transcription of the pgProbeLRS(-106)LUC previously described (Dufva et al., 2002) in the presence of [a- 32 P]CTP (3000 Ci/mmol; DuPont NEN) by standard procedure (Sambrook and Russell, 2001 ). RNA molecules were purified by using Chromaspin-100 columns (Clontech). Total RNA (40 mg) was mixed with 32 Plabelled RNA (1 Â 10 6 c.p.m.) and incubated at 501C overnight. Single-stranded material was digested by the addition of 300 ml digestion mixture (10 mg/ml RNase A, 16 U/ml RNase Tl, 0.3 m sodium acetate, pH 7.0, 0.5 m EDTA). The protected fragments were separated by electrophoresis on a 4% denaturing polyacrylamide gel and visualized by Phosphorimage analysis (Molecular Dynamics).
Northern blot analysis
Total RNA was prepared from transfected DG75 cells with TRI REAGENTt LS reagents as described above, treated with DNAse and stored at À701C. Total RNA (20 mg) was separated on a 1% agarose gel containing 0.43 m formaldehyde and transferred to Hybond-N membrane (Amersham) for 20 h in 10 Â SSC. The blots were UV crosslinked and hybridized with either the antisense CAT riboprobe or the antisense LUC riboprobe in a hybridization buffer (5 Â SSPE, 5 Â Denhart's solution, 0.5% SDS, 20 mg of fish sperm DNA per milliliter, 50% formamide) at 52 and 591C, respectively, overnight. Both the probes were synthesized by in vitro transcription as described above. The LUC riboprobe was transcribed from the pgProbeLRS (À106)LUC and the CAT riboprobe was transcribed from the pLRS-106DCAT described previously (Sjoblom et al., 1998) . After hybridization, the blots were washed with 2 Â SSPE-0.1% SDS for 10 min (this step was repeated once) and with preheated l Â SSPE-0.1% SDS for 20 min in 651C. The blots were visualized by Phosphorimage analysis (Molecular Dynamics).
